ABSTRACT: Postharvest diseases are a major problem in guava crops as the symptoms normally appear during fruit ripening. This study aimed to detect and characterize the temporal dynamics and spatial patterns of the most important guava diseases in orchards with and without removal of crop residues as a sanitation practice. The experiment was conducted in an orchard of ´Pedro Sato´ guavas, over two consecutive seasons, and data were collected from the flowering to the fruit ripening stage. In immature guavas treated with paraquat and ethrel, Colletotrichum spp.
Introduction
Guava is a highly perishable fruit and is, therefore, more susceptible to postharvest diseases. Once the skin of guava becomes edible, the presence of pathogenic injuries, even a small spot, can compromise fruit quality and make the product unfit for marketing. Such damage can occur not only during harvesting but subsequently, such as in packing houses, and at the grocery wholesaler, retailer and consumer stages. The major postharvest diseases affecting guava are anthracnose, caused by Colletotrichum spp., and black spot caused by Guignardia psidii Ullasa and Rawal (Fischer et al., 2011) .
Anthracnose and black spot are defined as quiescent diseases because the pathogens infect the fruit before harvest and remain latent until maturation when physical and physiological changes in the fruit favor pathogen development (Prusky and Lichter, 2007) . Methods for detecting quiescent infection of Botryosphaeria dothidea (Moug.) Ces. & De Not. in apples (ValdebenitoSanhueza et al., 2005) and Colletotrichum sp. in mangos (Paramasivan et al., 2009 ) already exist. For example, immature fruits are immersed in a paraquat solution that generates free radicals which induce lipid peroxidation and loss of membrane integrity (Dodge, 1971) . Thus, senescence is induced in herbicide-treated fruit and the symptoms are expressed.
Colletotrichum spp. survives in mummified fruit on trees or on the ground and in infected twigs and branches. The spores are dispersed by rain splashing combined with wind exposure (Singh, 2000) . Spore germination and appressorium formation of G. psidii increase as the fruit ages (Escanferla et al., 2009 ). Nevertheless, knowledge of temporal and spatial analysis of guava diseases is limited but has the potential to provide important information for disease management. The analysis of these patterns may allow inferences about the influence of wind or rain in the dissemination of pathogens, and can provide information on sources of inocula to predict disease levels (Benson et al., 2006) .
Little is known about the field epidemiology of guava diseases and the importance of early disease detection in disease management. This study aimed to (i) establish a method for detecting quiescent infections in guavas; (ii) quantify the incidence of postharvest diseases and (iii) characterize their temporal dynamics and spatial patterns in managed and unmanaged orchards by removal of crop residues.
Materials and Methods

Disease detection in immature fruit
Immature small (2 cm) fruit of 'Pedro Sato' guavas were randomly collected from 50 trees (five rows of ten plants each) in an 8-year-old commercial orchard located in Itajú, in the state of São Paulo, Brazil (21°57'32" S and 48°48'25" W), with a historical record of anthracnose. Fruit were surface-disinfested with NaOCl (5 g L ) (Northover and Cerkauskas, 1994) 
) (ValdebenitoSanhueza et al., 2005) 
) (ValdebenitoSanhueza et al., 2005) ; or water. Afterwards, the fruits were washed for 3 min under running water. The fruits were placed in plastic pocket trays individually and stored under light at 25 °C and 80-85 % relative humidity (RH). The experimental design was completely randomized with five replicates per treatment and each replicate was represented by ten fruits. The experiment was repeated once. The best treatment allowing for the quickest detection was used in the field experiments.
Visible symptoms on fruit were assessed daily for 10 days. The Anova assumptions of normality and homoscedasticity were verified and data from two experiments were combined for analysis. A linear mixed effect model was fitted to the logit-transformed disease incidence progress data. The R software (R Core Team, 2015) and the function "lmer" from "lme4" package (Bates et al., 2015) were used for analysis.
Fifty isolates of Colletotrichum spp. representing 50 plants in a plot as well as four isolates of L. theobromae were obtained from immature fruit by direct isolation on potato-dextrose-agar (PDA). Pathogenicity was confirmed by inoculation of fruit at harvest.
Temporal progress and spatial distribution of quiescent diseases
Fifteen temporal evaluations of guava quiescent diseases were performed on 50 plants from two plots of 'Pedro Sato' guava orchard located in Itajú, for two harvesting seasons as follows: the first from 29 Sept 2009 to 18 Feb 2010 and the second from 19 July 2010 to 12 Nov 2010. Weather information was recorded in a station located 40 km from the orchard. For 143 days in the first season, accumulated precipitation was 1,069.0 mm, the average maximum temperature was 31.0 °C and the average minimum temperature was 17.9 °C. In the 117 days of the second crop season, the accumulated precipitation was 233.6 mm, the average maximum temperature was 28.8 °C and the average minimum temperature 15.6 °C.
Crop residues (stems, leaves and fruit) lying on the ground were removed in one of the plots one month before the start of sampling to evaluate its importance as a source of inoculum of quiescent diseases. During the fruiting period, fallen fruit was removed on a monthly basis to reduce the inoculum amount. Once a week, two flowers/fruits per guava tree were collected from 50 plants in each plot. Sampling started during the flowering period and continued until harvesting, totaling 15 samples in each plot. Three commercial maturation stages were recorded according to skin color (1 = dark green, 2 = light green and 3 = yellow-green).
During the first season, the flowering and sampling period differed by one month between plots because pruning was conducted at different times in the plots. Flowers and immature fruit were disinfected with NaOCl (5 g L −1
) for 5 min, washed in running water, immersed for 1 min in paraquat (3 g L −1
) and washed for 3 min under running water. The flowers and immature fruit were subsequently incubated under light at 25 °C and 80-85 % RH. Disease incidence was assessed 10 days later, except for mature fruit that were assessed every 2 days for 10 days. Different population dynamic models including monomolecular (y = 1-(1-y o )exp(-rt)), logistic y = 1/[1+exp{-lny o /(1-y o )+rt}], exponential (y = y o exp(rt)) and Gompertz (y = exp(lny o exp(-rt)), where y is the rate of disease incidence, y o the initial inoculum, r the disease progress rate and t the time (Campbell and Madden, 1990) , were fitted to incidence progress data for anthracnose and black spot recorded using nonlinear regression models in the Statistica 6.0 software (Statsoft, Tulsa, OK, EUA). The best-fitted model was chosen based on the coefficient of determination (R 2 ) and distribution of residuals. The parameters (y o -initial inoculum and r -disease progress rate) of the models fitted to data from each treatment (with and without crop residues) were compared for both years based on the t-test (Campbell and Madden, 1990) . The areas under the quiescent disease progress curves (AUDPC) were calculated by trapezoidal integration (Berger, 1988) and the data for each disease were analyzed in a 2 × 2 factorial design, comparing the two harvesting seasons and with and without crop residues, using the Tukey's test at a 5 % probability level, considering each row of ten plants as a replication.
The spatial pattern of diseased trees (based on fruit symptoms of black spot and anthracnose) was evaluated weekly in 40 plants in the plot during the same period of the temporal progress evaluation. The plots were divided into quadrats of 2 × 2 trees. The spatial pattern was determined based on the dispersion index D = V obs /V bin , where V obs = [(Xi-np) 2 /n 2 (N-1)] and V bin = p(1-p)/n, and where V obs is the observed variance, V bin is the binomial variance, Xi represents the number of diseased plants per quadrat, n the number of plants per quadrat, N the total number of quadrats and p is the probability of a plant having diseased fruit (Hughes et al., 1996) . The value of D was tested against the χ 2 using p ≤ 0.05 as the significance level. The binary Taylor's Power Law model was fitted to all weekly data of the two crop seasons, but separately for plots with and without crop residues, as follows: log(V obs ) = A+b*log(V bin ), where A and b are parameters (Madden and Hughes, 1995) calculated by linear regression. According to this equation, where b = 1 and a = 0, the distribution is random and where a > 0 and b > 1, the distribution is aggregated. The hypotheses were tested at a 5 % probability.
Incidence of quiescent diseases at postharvest
The means of incidence of each disease at three maturation stages of the fruit were compared using Tukey's test at the 5 % probability level, considering each row of ten plants as a replication. Different models [y = 1-b 2 exp(-rt); y = b 1 (1-b 2 exp(-rt)], where y is the incidence of disease in proportion, b 1 the maximum asymptote, b 2 the parameter related to the initial inoculum of disease, r the rate of disease progression and t the time in days after the beginning of storage, were fitted to the anthracnose and black spot progress curves.
Detection of Colletotrichum spp. in tree bark
In a separate plot without crop residues, Colletotrichum spp. occurrence was evaluated on guava tree trunks 1 month after the end of harvesting (03/ ) for 1 min was not significantly different (p ≤ 0.05) from that with absence of disinfestation in isolation of Colletotrichum spp. in the preliminary test. After 5 days of plate incubation at 25 °C, Colletotrichum spp. isolates were transferred and purified in PDA. Differences in mean isolation frequency between the five sampled plants were compared by the Tukey's test, at the 5 % probability level. Pathogenicity was confirmed by inoculation with mycelial discs of fungus isolates in guava fruit (Fischer et al., 2011) .
Physicochemical fruit traits and diseases
In addition to disease detection, fruits were sampled at three maturation stages (1, 2 and 3) to characterize the following physicochemical parameters: a) skin color, determined by a colorimeter with readings in the equatorial region of the fruit and the results were expressed as hue angles (ºh); b) flesh firmness, determined by a digital penetrometer with an 8 mm tip with readings in the equatorial region of the fruit and the results were expressed in Newtons (N); c) soluble solids content, determined in a digital refractometer and the results were expressed in ºBrix; d) acidity, determined by titration with NaOH and the results expressed as g L −1 citric acid; and e) ascorbic acid content, determined by titration with DCFI (2,6 dichlorophenol indophenol sodium salt) and the results were expressed in mg 100 g −1 (AOAC, 2005) . The experimental design was completely randomized with five replicates of six fruits per treatment. The physicochemical parameters in each fruit maturation stage for the plots with and without crop residues were compared by the Tukey's test (p ≤ 0.05). The physicochemical parameters were correlated with disease incidence using the Spearman correlation (p ≤ 0.05).
Results and Discussion
Detection of latent pathogen infections in immature guavas
Colletotrichum conidia were observed at the 5 th day of incubation of guava fruit immersed in paraquat and ethrel solution, at higher incidence compared with urea and water on the 6 th and 7 th day of incubation onward. Significant interaction between treatment and day of incubation was observed (p ≤ 0.05). Colletotrichum was detected in 96 % of fruit treated with paraquat and ethrel on the 7 th day. In the urea and water treatment, incidence was 93 % only at the 9 th day (Figure 1 ). Lasiodiplodia theobromae Pat. Griffon & Maubl was also detected, but at a low incidence (2 %).
Based on these results, paraquat or ethrel could be recommended for the quick and reliable detection of latent Colletotrichum spp. infections in immature guava fruit. The effect of ethrel may be associated with the stimulation of ethylene production in fruit and thus the activation of quiescent C. gloeosporioides (Penz.) Penz & Sacc. infections, as previously reported for avocados (Prusky et al., 1996) . When treating mango fruit with paraquat, anthracnose symptoms were anticipated in 4-5 days, which assisted in decisions regarding storage time and whether to export or send the fruit to the domestic market in India (Paramasivan et al., 2009 ).
Temporal progress and spatial distribution of quiescent diseases
Anthracnose was the main disease in 'Pedro Sato' guavas (Table 1) with virtually 100 % incidence in immature small fruit (3 cm) during the first season ( Figure  2A ). According to Moraes et al. (2015) , there is no difference in conidial germination and appressorium formation of C. gloeosporioides in guavas at different ages. Fifty percent of Colletotrichum spp. infection was observed during the flower opening stage. The incidence of major postharvest diseases was lower during the second crop season ( Figure 2B ), possibly because of less favorable weather conditions with lower temperatures and pre- cipitation. The optimum temperature for infection by C. gloeosporioides lies between 22 and 25 °C (Piccinin et al., 2005) . The optimal temperature for germination and formation of G. psidii appressoria ranges between 25 and 30 °C (Escanferla et al., 2009) . Black spot in guava, found in fruit at 5.5 cm in length, was observed at high intensity in both plots when fruit reached maturation (Figure 2A ). The high incidence of black spot and anthracnose is related to the ability of the pathogens to infect unripe and uninjured fruit (Picinnin et al., 2005; Martins et al., 2007) . Other postharvest diseases detected in both plots were pestalotia, phomopsis, fusicocum and lasiodiplodia rots (Table  1) . Mucor and dothiorella rots were found at low incidences, with AUDPC values below 5.4. Since no interaction was observed (p > 0.05) between harvesting seasons and crop residues, the average of harvesting seasons is presented in Table 1 . Except for black spot and lasiodiplodia rot, crop residue removal was effective in reducing the incidence of diseases.
The monomolecular model provided the best fit to the anthracnose progress curve in the plots without crop residues (b 2 = 1.84; r = 0.05, R 2 = 0.78) and with crop residues (b 2 = 0.27; r = 0.07, R 2 = 0.87) for the first sampled crop season (Figure 2A) . The monomolecular model most frequently describes the progress of monocyclic diseases. However, it also describes the progress of quiescent diseases, regardless of their designation as monocyclic or polycyclic (Bergamin Filho and Amorim, 2002 ). The monomolecular model showed a good fit to the temporal progress of apple leaf spot incidence caused by C. gloeosporioides (Guerra et al., 2012) and of witches' broom observed in cocoa fruit (Alves et al., 2006) . In the second crop season, none of the models tested was fitted to the anthracnose progress curves ( Figure 2B ).
The exponential model presented the best fit to the progress curve for black spot in the crops with (1 st year: y o = 0.0003; r = 0.072; and R 2 = 0.97 and 2 nd year: y o = 0.000003; r = 0.098; and R 2 = 0.98) and without residues (1 st year: y o = 0.0007; r = 0.050; and R 2 = 0.93 and 2 nd year: y o = 0.00008; r = 0.065; and R 2 = 0.93) (Figure 2A and B) . In citrus, the monomolecular model best fitted the progress curves of black spot caused by Guignardia citricarpa Kiely (Spósito et al., 2004) because of the long latent period of the disease on fruit. In the case of guava black spot, the latent period and the inoculum source of the disease are unknown. The exponential shape of the progress curve could be related to the resistance of young fruit to pathogen infection. The infection rate of G. psidii gradually increases with fruit development. Spore germination was 11 % and appressorium formation was 2 % in 10 day old fruit. In 110-day old fruit, spore germination and appressoria formation was 43 and 23 %, respectively (Escanferla et al., 2009) . It is possible that exogenous stimuli in ripe fruit influence the germination process of G. psidii conidia (Escanferla et al., 2009 The progress rates of anthracnose and black spot were higher when crop residues were present (p ≤ 0.05), which suggests that both pathogens can survive in these residues that perpetuate within-field inoculum in the absence of flowers or fruit. The mucilage around the conidia of Colletotrichum sp. allows for pathogen survival for long periods in plant debris. In addition, Colletotrichum spp. is known to survive in several species of wild and cultivated plants (Silva and Michereff, 2013) . The high disease incidence at the beginning of the season is probably related to the high survival capacity of this pathogen. Moreover, as a perennial crop, guava trees remain in the field for many years enabling a continued increase in the incidence of pathogens that survive in crop residues. Therefore, crop residues may be sources of local inocula besides other planting areas. Further studies are recommended, preferably with evaluations performed over a longer period. According to Piccinin et al. (2005) , among the measures to control postharvest diseases of guava, especially quiescent diseases, pruning diseased branches, cleaning the orchard and immediately burning all crop residues are of paramount importance to reduce the amount of inocula in the field.
A modified Taylor's Power Law provided a good fit for the relationship between the log of the two variances for black spot in both plots without (R 2 = 0.82, Figure  3A ) and with (R 2 = 0.59, Figure 3B ) crop residues. For anthracnose, this Taylor's Power Law fitted well the data from plots with crop residues only (R 2 = 0.94, Figure  3C ). The hypothesis that b = 1 was not rejected (p > 0.05) based on the t-test, suggesting a random distribution of trees with black spot and anthracnose. In most assessments, the dispersion index (D) did not differ from 1 (p ≤ 0.05), suggesting a random distribution of the disease. An exception was the assessment of 22 Dec 2009 for black spot in the plot with crop residues, where D = 2.59, indicating aggregation ( Table 2) .
The causal agent of black spot is known to produce ascospores and conidia. Spore traps in the field detect only G. psidii ascospores. Phyllosticta psidiicola (Petrak) van der Aa conidia are not found, suggesting that ascospores might act as the main inoculum (Lin et al., 2003) . In the G. citricarpa-citrus pathosystem, ascospores that form in decaying leaves on the ground are spread over short and long distances by the wind (Spósi-to et al., 2007) , which could explain the random distribution pattern of black spot in guava or extensive distribution of the inoculum in the field with all trees acting as a source of pathogen survival. Unlike our findings for guava black spot, diseased citrus plant exhibited a clustered pattern, regardless of disease incidence, indicating the high importance of inocula dispersal over short distances and suggesting the involvement of conidia in the disease increase under field conditions in the state of São Paulo (Spósito et al., 2007) .
The most likely explanation for the high initial incidence of anthracnose at flowering is that the inoculum was already present and homogeneously distributed in the area. Further studies are necessary preferably in younger trees with lower incidences of anthracnose to verify a possible clustering of diseased trees. According to Timmer et al. (1994) , mechanisms of C. acutatum J.H. Simmonds dispersal over long distances are not clear. Thus, it is not possible to explain how a disease caused by Colletotrichum occurs suddenly and causes losses of up to 100 % in citrus. In São Paulo, the postbloom fruit drop of citrus had a variable spatial pattern, which was initially random and then, it became moderately aggregated, suggesting the existence of other dispersal mechanisms besides rain with winds (Silva Júnior et al., 2014) .
Disease incidence at postharvest
The monomolecular model showed the best fit to the anthracnose and black spot progress curves after harvest for all three maturation stages ( Figure 4A , B, C Sci. Agric. v.74, n.1, p.68-76 , January/February 2017 and D). A similar result was observed for anthracnose during fruit development in the first crop season ( Figure  2A ) and for citrus black spot (Spósito et al., 2004 ). The monomolecular model presented a good fit also for the guava anthracnose progress curve established in fruit marketed wholesale in Brazil. However, none of the tested models had a good fit for the black spot incidence progress curves (Fischer et al., 2011) .
The overall incidence of postharvest diseases, considering the average of the two plots (with and without crop residues) was higher than 50 % in the three ripening stages. On average, anthracnose incidence was 78 % followed by black spot with 22 % of diseased fruit. Fusicocum, phomopsis, pestalotia, mucor, lasiodiplodia and dothiorella rot incidences were below 3 % and did not differ among themselves (p > 0.05) (data not shown). Differences in anthracnose and black spot incidences were observed among the three maturation stages. Anthracnose incidences increased from 57 to 96 % of diseased fruit and black spot incidences increased from 1 to 48 % of diseased fruit, respectively, in fruit at maturation levels 1 and 3 ( Figure 5 A and B) . 'Pedro Sato' guavas harvested at maturation stage 1 should be commercialized within 6 days. This time is reduced to four and two days if fruit are harvested at stages 2 and 3, mainly because of the occurrence of rots (Azzolini et al., 2004) .
Postharvest diseases downgrade fruit for sale and must not exceed 20 % during the fruit shelf life (Paull, ) for the models y = 1-b 2 exp(-rt) (anthracnose) and y = b 1 (1-b 2 exp(-rt) (black spot), where y is the incidence of disease in proportion, b 1 the maximum asymptote, b 2 the parameter related to the initial inoculum of disease, r the rate of disease progression and t the time in days after the beginning of storage, which set the progress curves of diseases. (Fischer et al., 2011) . In this study, the marketing period was even lower than that found by Azzolini et al. (2004) because fruit maturation at stage 2 had levels of anthracnose symptoms exceeding 20 % by the 4 th day of storage (Figure 4A and C). According to Martins et al. (2007) , the high incidence of fruit rot during the summer of each year explains why the fruit is harvested before the maturation point with negative consequences for the final quality of the product, which suggests the necessity to adopt measures for more effective control during the production and postharvest phases.
The results indicate that anthracnose was the most common postharvest disease, confirming findings in the literature (Piccinin et al., 2005; Fischer et al., 2011) . After 10 days of storage at 25 °C, the average incidence of black spot and anthracnose reached values above 30 % in guavas marketed in the São Paulo wholesale market (Soares-Colletti et al., 2014) . In Taiwan, where black spot causes large losses, the disease reached 80 and 95 % incidences in the Pearl and Crystal cultivars, respectively, after 5 days of fruit storage (Lin et al., 2003) .
Detection of Colletotrichum spp. in tree bark
One month after the end of the first season's harvesting, Colletotrichum spp. was present in 25 % of guava tree trunks and in 14 % of tree trunks during the flowering of the following season. Although there was a decrease in 45 % incidence after the offseason, tree trunks are a possible source of pathogen inoculum for the next crop season. No differences (p > 0.05) were observed in isolation frequency among the five plants sampled and pathogenicity of isolates was confirmed in guava fruit.
Relationships between physicochemical characteristics and postharvest diseases for guavas
The physicochemical variables of fruit were similar in both plots (with and without crop residues) of 'Pedro Sato' guavas. Differences in skin color, flesh firmness, acidity and solids-acidity ratio were observed between the three maturation stages (Table 3) . Similar results were observed by Azzolini et al. (2004) for 'Pedro Sato' guavas at harvesting.
Flesh firmness of fruit at maturation stage 2 was between 66.72 and 78.56 N in both plots, averaging 45 % less than that of stage 1 and 49 % greater than that of stage 3 (Table 3 ). Titratable acidity of fruit decreased as the fruit ripened with average values 7; 6 and 5 g L −1
citric acid for maturation stages 1, 2 and 3, respectively, in both plots. According to Wills et al. (2007) , during ripening, a pronounced decrease in organic acid content is found in most fruits because these compounds are used as substrates during the respiration process. The ratio (solids:acidity) in fruit from plots 1 and 2 increased with advancing maturation stages because of acidity reduction (Table 3) .
The soluble solids content of the fruit did not differ (p > 0.05) over the three maturation stages (Table 3) , which was inconsistent with the results of Azzolini et al. (2004) . The total soluble solids (SS), as expressed in °Brix, is used as an indirect measurement of sugar content. Generally, sweetness increases with the ripening process because of the accumulation of sugars when the fruit stays on the tree.
Ascorbic acid levels were similar for fruit from the plot with crop residues at stages 2 and 3 and higher (p ≤ 0.05) than those in stage 1. Azzolini et al. (2004) only found differences between stages 1 and 3 with ascorbic acid values of approximately 37 %, which were lower than those obtained in this work. For the fruit from the plot without crop residues, ascorbic acid found during stages 1 and 3 did not differ and a lower ascorbic acid content was observed during stage 2 (Table 3) .
A negative correlation (p ≤ 0.05) was observed between the incidence of anthracnose and skin color (r = -0.90), flesh firmness (r = -0.85) and titratable acidity (r = -0.71) parameters, that is, as these physi- cochemical parameters decreased with fruit ripening, there was a proportional increase in disease incidence. Several physiological changes that occur during fruit ripening, such as the activation of ethylene biosynthesis, cuticular changes and loosening of cell walls, which is accompanied by a decline in antifungal compounds, led to the occurrence of fruit diseases (Prusky et al., 2013) . Associations between the increased disease occurrence with decreasing acidity or increasing soluble solids concentrations have been reported in apples (Sharma and Kaul, 1988) and cherry fruit (Northover and Biggs, 1990) making these parameters useful for identifying periods of fruit susceptibility in the field. Similarly, a negative correlation between the incidence of black spot and skin color (r = -0.69) and a positive correlation between disease incidence and ascorbic acid content (r = 0.60) were observed. Thus, skin color, flesh firmness and titratable acidity parameters for three maturation stages contributed to an understanding of the causes of resistance or susceptibility of guavas to the primary postharvest guava disease and may be considered when planning for a harvesting point aimed to achieve a greater shelf life for this fruit. 
